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Fig. 3.— Radial profile of the ratio between the thermal and the dynamical time scale for the

unperturbed disk model described in Section 2.1

on the chemistry of the circumplanetary material, on the migration of the planet and on the overall

structure of the disk.

Building upon the results of Turner et al. (2012), we develop a numerical scheme that allow us

to selfconsistently calculate the temperature and vertical structure of a disk perturbed by planets.

Our method is based on the simple consideration that the response of a disk to variations in the

stellar irradiation depends on the ratio between the thermal time scale tth, defined as the time

required by the disk to reach thermal equilibrium, and the dynamical time scale tdy defined as the

time required by the disk to reach the hydrostatic equilibrium. Following Watanabe & Lin (2012),

we define the thermal and dynamical time scales as
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To describe how these two time scales control the disk structure, we show in Figure 3 the radial

profile of tth/tdy for the unperturbed disk model described in Section 2.1. The two time scales have

the same value of about 29 yr at r ' 9.5 AU. We call these two quantities thermodynamic time

scale (tthy) and thermodynamic radius (rthy), respectively. At r < rthy , where tdy < tth, the disk

vertical structure can vary as quickly as the temperature, and the disk can be regarded as always

being in hydrostatic equilibrium. Vice versa, at r > rthy, where tth < tdy, the disk vertical structure

Two Timescales



– 1 –

tth ⇡ c2s⌃

�T 4
/ r1/2 (1)

– 12 –

Fig. 3.— Radial profile of the ratio between the thermal and the dynamical time scale for the

unperturbed disk model described in Section 2.1

on the chemistry of the circumplanetary material, on the migration of the planet and on the overall

structure of the disk.

Building upon the results of Turner et al. (2012), we develop a numerical scheme that allow us

to selfconsistently calculate the temperature and vertical structure of a disk perturbed by planets.

Our method is based on the simple consideration that the response of a disk to variations in the

stellar irradiation depends on the ratio between the thermal time scale tth, defined as the time

required by the disk to reach thermal equilibrium, and the dynamical time scale tdy defined as the

time required by the disk to reach the hydrostatic equilibrium. Following Watanabe & Lin (2012),

we define the thermal and dynamical time scales as

tth =
(� + 1)

2(� � 1)

c
2
s⌃

�T 4
/ r

1/2 (14)

tdy =
2⇡

⌦
/ r

3/2 (15)

To describe how these two time scales control the disk structure, we show in Figure 3 the radial

profile of tth/tdy for the unperturbed disk model described in Section 2.1. The two time scales have

the same value of about 29 yr at r ' 9.5 AU. We call these two quantities thermodynamic time

scale (tthy) and thermodynamic radius (rthy), respectively. At r < rthy , where tdy < tth, the disk

vertical structure can vary as quickly as the temperature, and the disk can be regarded as always

being in hydrostatic equilibrium. Vice versa, at r > rthy, where tth < tdy, the disk vertical structure

Two Timescales
W

atanabe &
 Lin 2008



Thermal

Dynamica
l



– 1 –

�h = (heq � h)
�t

max (tdy, tth)
(1)

Poor Man’s Radiation 
Hydrodynamics



2-D Hydro 
With Planet, 
Fixing T(R),

Gives S(R,f)

3-D RadiaEve 
Transfer for 

Temperature

3-D Density  
towards HSE

Time-step



Surface Density Ratio With 1000-Earth-Mass Planet

-30 30 AU0
-30

0

30



Midplane Temperature Ratio With 1000-Earth-Mass Planet

Thickness 
undisturbed

-30 0

0

30

30 AU



Midplane Temperature Ratio With 1000-Earth-Mass Planet

Hydrostatic 
equilibrium

-30 0

0

30

30 AU



x / AU

The disk’s response to starlight heating drastically changes the 
appearance in scattered light!
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The disk’s response to starlight heating drastically changes the 
appearance in scattered light!



x / AU

The disk’s response to starlight heating somewhat changes the 
appearance in millimeter continuum.
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Reliably predicting young planets’ signatures 
requires treating disks’ response to the starlight 
falling on the planet-raised features.
The equilibrium response:
• Greatly increases the scattered-light 

contrast at the gap’s outer edge.
• Reduces the outer spiral arm’s brightness in 

scattered light.
• Reshapes the millimeter continuum 

emission.

Summary



Dynamics Faster Than Heating/Cooling
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Hea6ng/Cooling Feed Back on Dynamics
8 Flock et al.

Figure 10. Contour plots of the dust density in di↵erent orientations. The
face-on orientation (top) is shown at the height Z/R=0.13. The red dashed
line shows the position of the two slices with the vortex (middle) and without
(bottom). The black lines indicate the optical depth unity for the irradiation
(dotted line) and for the thermal emission (solid line).

non-axisymmetric elliptical density maximum. The middle
and bottom panel of Fig. 10 show the dust density in the R-
Z/R plane inside and outside the vortex (along the line la-
beled “A” and “B” on top panel, respectively). Inside the
overdensity, the irradiation optical depth unity line (or, equiv-
alently, the height of the rim) is increased vertically (see the
dotted lines on the middle and bottom panels of Fig. 10): at
R = 0.85 AU, we measured (Z/R)⌧⇤=1 = 0.17 for cut “A”, and
(Z/R)⌧⇤=1 = 0.14 for cut “B”. As will be furthered discussed
in section 4.3, such a di↵erence in height is enough to create

Figure 11. SED calculated for the 3D radiative MHD models RMHD P1 6
(black dotted line) and model RMHD P0 4 BZ (red dashed line), normalized
over the SED from the initial 2D radiation HD model.

Figure 12. Space (azimuthally) and time (50 inner orbits) averaged plasma
� profile in the R-Z/R plane for model RMHD P0 4 BZ. The line of plasma
� unity (red solid line) and the ⌧⇤ = 1 line (green dashed line) are over-
plotted. The solid yellow line shows the position of the peak emission at
2.2µm assuming a face-on orientation. The yellow dotted lines and the shad-
ing demonstrates the spatial extent where 50% of the total emission at 2.2µm
is coming from.

Figure 13. Radial cut from a face-on synthetic image calculated at 2.2µm for
the model RMHD P1 6 and RMHD P0 4 BZ.

an extended shadow in the outer disk region.

4. OBSERVATIONAL CONSTRAINTS

In this section we post-process our models with accurate
Monte-Carlo radiation transfer tools in order to translate the
results described in the previous sections into observational
constraints. We first focus on the disk spectral energy distribu-
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Heating/Cooling Feed Back on Dynamics

Flock+ 2017a



Gas & Dust Decouple

HD163296 at 3.7μm and 1mm – Guidi+ 2018



Grains settle, grow, fragment…

Dust storm over Adelaide, Australia by SydneyOats via flickr with CCby2.0
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Reliably predic:ng young planets’ signatures 
requires trea:ng disks’ response to the starlight 
falling on the planet-raised features.
The equilibrium response:
• Greatly increases the sca<ered-light 

contrast at the gap’s outer edge.
• Reduces the outer spiral arm’s brightness in 

sca<ered light.
• Reshapes the millimeter con=nuum 

emission.

Summary
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Coagulation-Fragmentation, Settling-Stirring Steady-State
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Flock+ 2017b

Gas & Dust Decouple


